SUMMARY To corroborate thiopental protection from cerebral anoxia after cardiopulmonary arrest, 23 sedated, curarized, adult dogs were asphyxiated by plugging the endotracheal tube. Cardiopulmonary resuscitation (CPR) was started 7 minutes after electrocortical silence. Twelve animals received no other treatment (controls), 10 regained consciousness and spontaneous respirations, but remained decerebrate, blind, unable to drink or feed. Two dogs returned to a normal neurologic state. Ten dogs were treated with thiopental after CPR, 7 received 15 mg/kg the first minute, followed by 23 mg/kg over 1 hour; 3 received 60 mg/kg in the first 3 minutes, followed by 30 mg/kg over 1 hour. Except for 1 dog in the low-dose group that recovered neurologically, thiopental-treated dogs showed no neurological or survival improvement over the controls.
LABORATORY DEMONSTRATION of central nervous system recovery after prolonged ischemic anoxic injury 1 has resulted in renewed interest in the treatment of post-anoxic states.
Several studies have demonstrated the effectiveness of barbiturate anesthetics in ameliorating the effects of focal ischemic injury. 2 Clinically, patients may do surprisingly well after deep barbiturate coma and anoxia. 3 Several laboratories have reported beneficial effects of barbiturates in models of global anoxic injury. 49 We attempted to demonstrate a similar benefit in a model closely paralleling the clinical situation of hypoxic cardiac arrest.
Methods
Twenty-two, 8 to 16 kg adult mongrel dogs were fasted for 12 hours prior to the experiment. They were anesthetized with a combination of fentanyl and droperidol (Innovar-Vet), 0.1 cc/kg body weight and paralyzed with pancuronium bromide, 0.1 mg/kg. They were then intubated and placed on a piston ventilator with an in-line CO 2 meter (Godart Capnograph). Tidal volume and respiratory rate were adjusted to achieve an expired CO 2 content of 3.5 to 4.5% throughout the experiment. Biparietal scalp EEG leads, ECG electrodes, and a rectal temperature probe were attached. Intravenous dextrose 5% in water, 60 cc per hour, was given throughout the experiment (approximately 5 hours). Normal saline with 1000 U heparin/1 was used as a flushing solution. Through an inguinal incision, a Swan-Ganz catheter was passed via the femoral vein and placed in the right atrium as confirmed by pressure tracings. A femoral arterial line was inserted into the aorta and attached to a Statham strain gauge. Arterial blood pressure (AP), heart rate, and EEG were monitored throughout the experiment.
The animals were allowed to emerge from anesthesia to the point of regaining a pedal withdrawal reflex and minimal respiratory efforts. At this time, pancuronium was re-administered and the endotracheal tube plugged after emptying the chest by compression. The EEG was observed until it became isoelectric. This state was maintained for 7 minutes. At that time, standard cardiopulmonary resuscitation was begun with Ambu bag ventilation with 100% oxygen and closed chest cardiac massage. During resuscitation, 1-2 mEq/kg sodium bicarbonate (1 mEq/ml), and 2-6 cc of epinephrine hydrochloride (1:10,000) were administered. Resuscitations were accomplished within 5 minutes.
Once respirations were halted, a stereotyped sequence of events occurred in each animal: initially, pulse and arterial pressure (AP) rose sharply and remained high for several minutes; mean AP then gradually declined and the EEG frequencies slowed. Fifteen to 30 seconds before mean AP reached zero, the EEG became isoelectric. ECG activity continued 2 to 7 minutes after this. The duration of injury was standardized by using 7 minutes of isoelectric EEG for criterion.
When the dogs were able to breathe on their own, as judged by their ability to maintain exhaled CO 2 content within the normal range (usually 3 to 4 hours after arrest), arterial and venous lines were removed, and they were placed in a kennel. Animals were examined before anesthesia, 3 hours after resuscitation, 12 hours after resuscitation, and at 24-hour intervals thereafter for a maximum of 5 days at which time they were sacrificed. Examination assessed level of responsiveness, pupillary reactions, spontaneous activity, gait, and ability to drink. It became apparent that a judgment primarily based on spontaneous activity, i.e. normal gait, ability to raise head, myoclonic seizures, decerebrate spasms, etc. and level of responsiveness to voice or pain, i.e. none, decerebrate posturing, peddling, attempting to stand, etc., adequately characterized the outcome groups: normal versus decerebrate and comatose.
Post-resuscitation care included 400-500 cc dextrose 5% in water administered subcutaneously, daily; 300,000 U penicillin, i.m., twice daily. Endotracheal tubes were left in place with cuffs deflated for 24 hours after resuscitation.
Serum Na, osmolarity, and hematocrit were obtained prior to arrest and at 5 minutes and 2 hours post-resuscitation. Additional samples were taken on days 2 and 3 after resuscitation in several animals; values remained within the normal range as did rectal temperatures. Autopsy examination was performed on 14 animals with histologic study of brain, lungs, heart, and kidneys for cause of death, complications such as pulmonary emboli, evidence of coagulopathy and comparison of histologic signs of anoxic injury.
Treatment Schedules
Five minutes after resumption of spontaneous circulation, defined by an arterial pressure greater than 50 torr, the dogs were treated either with high-or lowdose thiopental sodium, or not given treatment at all and used as controls. Seven dogs received 15 mg/kg thiopental intravenously over 1 minute followed by an infusion of 23 mg/kg over the next 60 minutes (15/23 regimen). Three dogs received 60 mg/kg over 3 minutes followed by a 30 mg/kg infusion over 60 minutes (60/30 regimen). There were 12 controls. Animals regularly experienced a sharp decline in blood pressure during the initial high-rate thiopental infusion, and metaraminol infusion was begun when mean arterial pressure declined to 75 torr in an attempt to maintain a minimum mean arterial pressure of 50 ton.
Results

Quality of Survival
Twelve control animals (86%) remained in coma and decerebrate with only slight pedal withdrawal in response to pain. Their mean survival time was 1.9 days. Autopsies were performed on 5 of them. Two controls (14%) recovered completely within 24 hours and were intact with normal gait, feeding, response to voice and vision. They were sacrificed on the fifth day and autopsies were performed.
Autopsy findings' in the 5 animals dying in coma included bronchopneumonia in 2, pulmonary congestion in 2, and small pulmonary emboli in 2. One dog had thrombi in major pulmonary veins, suggesting a coagulopathy. Kidneys were normal in all animals.
Seven dogs received the 15/23 thiopental regimen. Of these, 6 (86%) remained in coma and decerebrate until death with a mean survival time of 2.1 days. One dog in this group was clinically normal within 24 hours and was sacrificed and autopsied 5 days after the experiment. Autopsies of the 5 decerebrate animals disclosed pulmonary congestion with early pulmonary edema in all, and 4 had patchy bronchopneumonia. One animal had petechial hemorrhages of the lungs and a right atrial thrombus, suggesting a coagulopathy. The dog with normal outcome had a few small peripheral pulmonary emboli and mild bronchopneumonia.
Three dogs received the 60/30 thiopental regimen. Two died of progressive hypotension, unresponsive to pressors, during drug infusion after successful resuscitation. The third remained decerebrate and unresponsive for 5 days until sacrificed. Autopsy of this animal revealed a patchy bronchopneumonia and pulmonary congestion.
Progressive hypotension was observed during thiopental infusion (table 1) . A drop of more than 35 percent in mean arterial pressure was observed in 4 of the 6 dogs on the 15/23 regimen and in all 3 dogs on the 60/30 regimen.
Neuropathologic examination was performed on 13 animals; they were grouped according to duration of post-resuscitation survival to permit comparison of histologic changes between treated and control groups. Four animals (2 control and 2 thiopental 15/23) died within 24 hours after resuscitation and their brains showed striking ischemic necrosis of the hippocampal pyramidal cell layer, corpus striatum, and Purkinje cells, and diffuse laminar necrosis of the cerebral cortex (figs. 1, 2). Four animals (2 controls and 2 thiopental (15/23) died between 24 and 36 hours: 3 showed severe ischemic degeneration of the cerebral cortex, basal ganglia, thalamus and cerebellar cortex. One of the controls had no apparent changes in the cerebrum and only occasional degenerating Purkinje cells in the cerebellum. One control animal died between 60 and 72 hours after recovering to a clinically normal state. In this dog the cerebellum was normal, but there were small foci of acute ischemic infarction scattered along sulci of the cerebral cortex. Four animals (1 control, 2 thiopental 15/23, 1 thiopental 60/30) died or were sacrificed between 108 and 120 hours. In 3, the cerebral cortex showed later stages of laminar necrosis with neovascularization and glial proliferation ( figs. 3, 4) . Purkinje cells were diffusely lost, and advanced infarcts were present in basal ganglia and thalami. One thiopental 15/23 dog, which recovered to a clinically normal state, showed only scattered foci of infarction in the cerebral cortex. White matter was well preserved in all animals. No difference in severity of neuropathologic change was seen between treated and control animals. The neuropathologist was not informed of the treatment regimen until after comparison of the groups.
The control, barbiturate 15/23, and barbiturate 60/30 groups were compared in terms of a specific number of variables pre-arrest (table 2) , immediately post-arrest pre-pentothal (table 3) and 1 to 2 hours after arrest (table 4) .
Sample sizes are small in all groups, particularly the thiopental 60/30 in which the infusion was usually lethal due to refractory hypotension and cardiac depression. Statistical analysis revealed no significant pre-arrest or immediately post-arrest differences for systemic arterial pressure, osmolarity, hematocrit, or serum Na between controls, thiopental 15/23 and thiopental 60/30 groups (tables 2, 3, 4, 5). At 1 to 2 hours after arrest, serum osmolarities for the controls were slightly but significantly higher than those of the 15/23 group (0.025-< P < 0.05; table 4).
The only significant difference between normal and decerebrate animals was a higher pre-arrest blood pressure for those decerebrate (0.025 < P < 0.05).
Total duration of hypoxia was longer for the decerebrate controls (11.2 ± 1.5 min) than for the decerebrate 15/23 group (9.8 ± 1.0 min; 0.05 < P < 0.1) although both groups met the criterion of 7 minutes isoelectric EEG.
Discussion
In this model of anoxic injury, thiopental did not appear to modify residual neurological damage or improve survival. Of the animals tested, 16% of the controls and 14% of the 15/23 treated had normal outcome; the others were uniformly severely damaged. Variability in resistance to anoxia, apparent in reports of other models, 10 u may be due to the age spread among the animals. (Adult status of animals was based on dentation.)
The lack of thiopental "protection" in this study is perhaps not surprising. Michenfelder and Theye 12 ' 1S compared the effects of hypothermia (30° C) and anesthesia (0.8% halothane and thiopental 46 mgm/kg over 2 hours) on cerebral rate of oxygen consumption (CMROi) and on rates of ATP depletion and lactate accumulation after decapitation. Although depression of CMRO 2 was similar for both groups, anesthesia was ineffective in slowing the loss of cerebral energy reserves. The authors concluded that anesthesia should be far less effective than hypothermia in preventing anoxic cerebral damage. They speculated that anesthesia suppresses cerebral functional energy demands but does not reduce requirements for maintenance of cellular integrity. Benefits obtained in models of focal ischemic injury may relate to reduction of functional metabolic demand in partially ischemic margins of the lesion. Bleyaert, et al. 9 have reported virtual elimination of post-anoxic encephalopathy by the administration of 90 mg/kg of thiopental 5 minutes after restoration of cerebral blood flow in the monkey. 24 The differences between their model and ours are species, their access to more sophisticated supportive intensive care, 14 and their avoidance of total body ischemia. Our poor outcome animals survived an average of 2.1 days and, in our experience, as well as that of Bleyaert, et al, clinical improvement, when occurring, was nearly complete by 24 hours. This suggests that our shorter mean survival time did not mask therapeutic benefits. Other studies evaluating the role of barbiturates in various types of hypoxic injury involved pretreatment of subjects 4 6t 7> 8 with the exception of the study by Yatsu, et al. 6 in which treatment began at the onset of isoelectric EEC Our pre-anesthetic regimen made use of fentanyl and droperidol rather than halothane and nitrous oxide as used by Bleyaert, et al. 9 We are unaware of any potential interaction between our prearrest anesthetic regimen and the post-hypoxic outcome but this remains a possibility. Secondly, the severe post-asphyctic hypotension in our treated animals may have constituted a sufficient additional insult to mask any benefit seen with the barbiturate treatment. It is important to note, however, that hypotension was treated vigorously with pressors, did not respond, and seemed to be a direct effect of the barbiturate therapy itself. The failure of barbituratetreated animals to respond to metaraminol may have been a consequence of post-arrest acidosis. In an attempt to minimize this effect, all animals were ventilated to maintain a normal exhaled CO 2 content following resuscitation, and this was normalized before thiopental was administered. All animals received between 1 and 2 mEq/kg of sodium bicarbonate during resuscitation but pH was not monitored during barbiturate infusion. (4) (5) In studies of experimental anoxic injury, choice of model and drug regimen and documentation of possibly relevant variables are crucial to interpretation of results. Our model, asphyxia to the point of cardiac arrest, was chosen for several reasons: first, ease of resuscitation permitted sharp definition of the period of hypoxia. Secondly, the severity of the hypoxic injury could be standardized by using identical periods of isoelectric EEG as the criterion. Thirdly, it is almost entirely non-invasive and mimicks closely the clinical situation of total body hypoxia and ischemia. Finally, pathologically, it closely resembles findings in human post-cardiac arrest anoxic encephalopathy with a maximal impact on the hippocampus and the production of cortical laminar necrosis. 16 We documented post-resuscitation serum osmolarity, blood pressure and hematocrit as these may all have significant effects on anoxia response. 1618 In designing therapeutic trials using "short acting" lipid soluble barbiturates such as thiopental, choice of dosage and rate of administration is complicated by significant effects of redistribution and binding. Thus, the termination of thiopental narcosis reflects primarily the redistribution of drug to fat stores and muscle. 19 Since thiopental is a weak organic acid, its distribution between lipid and aqueous media will vary markedly with pH: as pH drops, more drug will be in the organic (lipid or tissue) phase. Using a model of respiratory acidosis in the dog, Brodie, et al. 19 demonstrated that a decrease in blood pH to 6.8 was accompanied by a drop in (plasma) thiopental concentration of about 40%. Blood concentration rose secondarily after correction of acidosis. This effect might prove beneficial when thiopental is administered during the lactic acidosis following resuscitation; undissociated drug would be driven into the lipid phase of brain tissue. The biologic activity of thiopental also depends upon the free or non-protein bound fraction which constitutes approximately 28.0% (SD = 0.9%) of plasma concentration in normal man. 20 Degree of binding is affected by other drugs, certain disease states (e.g. uremia) as well as pH. It may be that the use of "intermediate" barbiturates, such as pentobarbital, would give more reproducible results; variability in experimental results may in part be due to differences in the degree of acidosis developed in a given model and the rate and method of correction.
Data are available regarding the effects of specific thiopental dose regimens on cerebral metabolism. In the dog, a bolus of 15 mg/kg thiopental immediately reduces CMRO 2 by 40%; infusion of 23 mg/kg/h maintains this suppression. Massive doses produce little additional effect 12 ' 21 but result in severe cardiac depression. Similar data may be needed in other species and man in order to help rationalize choice of dose regimens. 22 Our animals seemed unable to tolerate large doses of barbiturate post-resuscitation. Even with the lower dosage regimen, variable but frequently marked drops in arterial pressure occurred. In shock situations, thiopental is known to be hazardous; hypovolemia reduces blood flow to muscle, slowing redistribution of the drug and increasing the dose to brain and heart. 22 Our animals received varying amounts of epinephrine during resuscitation; the resultant peripheral constriction may have slowed the rate of loss of the drug to muscle and produced cardiotoxic effects. Those models which do not employ total body circulatory arrest or which maintain systemic arterial pressure by fluid administration, may be more resistant to this effect of thiopental.
Esten and Li 16 demonstrated a 25% reduction in cardiac output during deep surgical thiopental anesthesia in man. Pedersoli and Brown 24 demonstrated the occurrence of a variety of arrhythmias during bolus injection of thiamylal in dogs. Actual reduction of cardiac contractile force by thiopental was demonstrated by Brown. 25 Other barbiturates seem to have similar effects. 26 The clinical application of barbiturates in the setting of circulatory collapse may, therefore, be hazardous.
